The recommended liquid-liquid equilibrium ͑LLE͒ data for 19 binary 1-alkanol-water systems have been obtained after critical evaluation of all data ͑527 data sets͒ reported in the open literature up to the end of 2004. An equation for prediction of the 1-alkanol solubility was developed. The predicted 1-alkanol solubility was used for calculation of water solubility in the second liquid phase. The LLE calculations were done with the equation of state appended with a chemical term proposed by Góral. The recommended data were presented in the form of individual pages containing tables and all the references.
Introduction
The objective of this article is to provide selected and critically evaluated liquid-liquid equilibrium ͑LLE͒ data for binary 1-alkanol-water systems, taken from the open litera-ture up to the end of 2004 and completed with predicted data. In this work we investigated 527 data sets obtained from 157 references.
Solubility data for alkanol-water systems were the object of IUPAC Commission on Solubility Data and presented as Volume 15 of the IUPAC Solubility Data Series edited by Barton. 165 This work takes into account new data published since that time as well as new methods of the data evaluation.
When each system is evaluated in isolation, the estimation of data quality can be difficult, especially in cases of scarce or disagreeing data. The solubility of higher alkanols in water are very low and consequently even small experimental errors may lead to substantial relative errors in the measured solubility, which in some cases reach 100% or more. To help clarify these uncertainties, this work continues the approach presented in the previous articles by Mączyński et al. 166 and Góral et al. 167, 168 for hydrocarbon-water systems. This approach consists of the calculation of "reference data" using solubility information from all the investigated systems. The calculation of reference data consists of two steps:
͑1͒ The solubility of 1-alkanols in water is approximated with a smoothing equation described in the next section. This equation depends not only on the number of carbon atoms of the alkanol but it also contains empirical constants, which are derived from simultaneous regression of the solubility data for all investigated alkanols. ͑2͒ The solubility of water in 1-alkanols is calculated using LLE calculations. The input data for these calculations are the alkanol in water solubility predicted by the smoothing equation. The LLE calculations use a correlating method based on equation of state modified to account for the role of hydrogen bonding in solvion. 169 In these two steps an extensive body of experimental data is described with a few adjustable parameters providing an additional framework for comparison of experimental data and help in the recognition of systematic error. The solubility calculated by these two steps is used as the reference values in evaluations.
Solubility of 1-Alkanol in Water
The solubility of 1-alkanols in water, expressed as mole fraction ͑x 1 ͒ along the three-phase equilibrium line, resembles the solubility of alkanes in water ͑except in the critical region͒. This is illustrated by Fig. 1 , in which experimental points for 1-octanol in water are compared to solubility curve calculated for pentane. 166 The solubility curve in both systems has a minimum. The solubility at the minimum ͑x 1,min ͒ decreases within each homologous series as shown in Fig. 2 , where the minimum solubility in the series of normal 1-alkanols is compared with the minimum solubility calculated for the corresponding n-alkanes. 166 The temperature of the minimum ͑T min ͒ is constant for a given class of hydrocarbon+ water mixtures: e.g., T min = 306 K for alkanes, T min = 298 K for cycloalkanes, and T min = 280 K for alkylbenzenes. [166] [167] [168] One might expect that alkanols would be charcterized by an even lower value of T min but this is not the case. In the series of the alkanols T min decreases gradually with increasing length of the 1-alkanol molecule starting from T min = 330 K for 1-pentanol.
The equation for the solubility of alkanols in water, derived in the following, takes into account that only a fraction of an alkanol dissolved in water exists in the form of free molecules not joined to others by hydrogen bonds. These free molecules are called monomers here in analogy to associations such as dimers, trimers, etc. It is assumed that solubility of the monomers in water along the three-phase equi- librium line can be described by the equation used previously for the solubility of hydrocarbons in water. This equation adopted for the monomers can be written as follows:
where N 1 is number of moles of the monomer in solution consisting of n total number of moles and h 1 is heat of solution of the monomer. The monomers are in chemical equilibrium with various associations of the alkanol. Hence, the total amount of the alkanol dissolved in water is higher than N 1 and corresponds to the total moles of alkanol ͑n 1 ͒. Using the definition:
One can rearrange Eq. ͑1͒ into the following form:
‫ץ‬ ln x 1 /‫/1͑ץ‬T͒ = − h 1 /R − ‫ץ‬ ln ␤/‫/1͑ץ‬T͒, ͑3͒
where x 1 is the mole fraction of an alkanol in water along the three-phase equilibrium line. In analogy to the alkane + water systems, it is assumed that h 1 depends linearly on T going through zero at some temperature T 0 . Thus h 1 / R in Eq. ͑3͒ can be approximated with the following equation:
where C 1 is an adjustable parameter depending on alkanol.
For the second term in Eq. ͑3͒, the following approximation is used:
The approximation of Eq. ͑5͒ is valid at sufficiently low temperatures, say below 370 K. This can be seen from an analysis of the association model used in this work for LLE calculations. Equations ͑4͒ and ͑5͒ introduced into Eq. ͑3͒ give, after rearrangement,
where T 1,min is defined by
where T 1,min is a temperature at which the differential in Eq. ͑6͒ is equal to zero. Thus T 1,min is a temperature corresponding to the minimum of the solubility of the 1-alkanol. Equation ͑6͒ has the same form as the equation used for solubility of alkanes, 166 but T 1,min is no longer constant as it depends on C 1 , which in turn depends on the number of carbon atoms of the alkanol. This explains the change of T 1,min observed in alkanol+ water systems.
Integration of Eq. ͑6͒ gives the following equation, which describes the solubility of alkanols in water as a function of temperature:
where f͑T 1,min /T͒ = T 1,min /T − ln͑T 1,min /T͒ − 1. ͑8b͒
The same type of equation was used previously 166 for alkane+ water systems but contrary to the alkane systems Eq. ͑8a͒ when applied for alkanols is valid only at temperatures sufficiently distant from the critical temperature of solubility. It was found that all investigated 1-alkanol+ water systems can be approximated simultaneously with Eq. ͑8a͒ provided that the adjustable parameters ln x 1,min and C 1 are treated as linear functions of the number of carbon atoms, N c
Equations ͑9͒ and ͑10͒ allow rewriting Eq. ͑8͒ in the form:
The coefficients d 1 , d 2 , d 3 , and d 4 in Eq. ͑11͒ as well as T 0 in definition ͑7͒ were determined by simultaneous regression of the experimental data for normal 1-alkanols from 1-pentanol to 1-hexadecanol at at temperatures from the freezing point of water to approximately 60 K below the critical temperature of solubility. Altogether 242 experimental points were used in the regression. After the regression the most outlying point was removed and the remaining points were regressed once more. This procedure was repeated until the deviation of the most outlying point in the remaining data set did not exceed three times the estimated standard deviation. This procedure removed 22 of 242 initial points. The following values of the parameters were obtained:
works well up to 60 K below the critical temperature of solubility ͑T 2c ͒ as is shown in Fig. 3 but the data above the boiling point of water were reported only by one source ͑with exception of pentanol͒. For the higher alkanols shown in Fig. 4 , there are no measurements at high temperatures. Therefore it is concluded that reliability of Eq. ͑11͒ is not sufficiently tested at T Ͼ 373 K.
It was found that Eq. ͑11͒ ͓with parameters defined by Eq. ͑12͔͒ can also be applied for branched 1-alkanols provided FIG. 3 . Logarithm of mole fractions of alkanols in water ͑ln x 1 ͒ vs temperature ͑T͒. Experimental points and approximating curves calculated with Eq. ͑11͒ with parameters defined by Eq. ͑12͒.
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that instead of N c "effective" values N c * are used. In a first step N c * for each branched 1-alkanol was adjusted, via Eqs. ͑11͒ and ͑12͒, to the experimental solubility points. It was found that the determined values of N c * as well as N c for normal 1-alkanols are related in the same way to the excluded volumes of the alkanols. In this work, the excluded volume, as used in the Redlich-Kwong equation of state, is used. It is calculated from critical temperature ͑T c ͒ and critical pressure ͑P c ͒ with the equation:
The parameter b was used instead of N c in previous articles [166] [167] [168] devoted to hydrocarbon+ water systems. Using b enables a description of n-alkanes, cycloalkanes, and branched alkanes with a set of two equations analogous to Eqs. ͑9͒ and ͑10͒. The situation in 1-alkanol+ water systems is not exactly the same because x 1,min in the series of 1-alkanols does not correspond to the same temperature and parameter b as defined by Eq. ͑13͒ is influenced by autoassociation of the alkanols. These are probably the reasons that Eqs. ͑9͒ and ͑10͒ are simpler when related to N c instead of b. As a consequence of this choice, it is necessary to use N c * for branched 1-alkanols.
It was found that N c is linearly dependent on ͱ b for the investigated normal 1-alkanols: Table 1 gives values of N c * of the branched 1-alkanols investigated in this work calculated from Eq. ͑15͒. It is interesting that values of N c * calculated with Eq. ͑15͒ and used in Eq. ͑11͒ are able to predict minor differences in solubility of isomers. An example is shown in Fig. 5 .
͑15͒
The standard deviation of the experimental points, s͑ln x 1,exp ͒, was estimated with the equation: FIG. 4 . Logarithm of mole fractions of alkanols in water ͑ln x 1 ͒ vs temperature ͑T͒. Experimental points and approximating curves calculated with Eq. ͑11͒ with parameters defined by Eq. ͑12͒. 
where ln x 1,exp are experimental values, ln x 1,calc are calculated from Eq. ͑11͒, m is the number of experimental points, and n is the number of adjustable parameters. After removing outlying points, by the procedure described earlier, the average standard deviation of the experimental points for alkanols C 5 -C 8 was as follows:
which corresponds to relative standard deviation of x 1,exp of approximately 10%. The alkanol solubility calculated from Eq. ͑11͒ is called here "reference values." For evaluations presented here it is assumed that data are in good agreement with the reference value when the difference between the experimental mole fraction and the reference value does not exceed one standard deviation, e.g., 10% for C 5 -C 8 alkanols. The solubility of higher alkanols are lower and more difficult to measure as is shown by the scatter of points in Fig. 4 . The corresponding standard deviation for these points is 20%, therefore, for the C 9 -C 12 alkanols limit of 20% is assumed. This limit is further increased up to 35% for 1-tetradecanol and 1-hexadecanol.
Equation ͑11͒ is not applicable for a solubility of 1-butanol and 2-methyl-1-propanol. Fortunately these systems were investigated by many laboratories. For the solubility of 1-butanol over 200 and for the solubility of 2-methyl-1-propanol over 100 points are reported. This allows selecting the recommended data using a smoothing equation as the reference. The experimental points for these systems were smoothed by Eq. ͑8͒ with an additional empirical term, which has a negligible value at low and medium temperatures but is growing rapidly when the temperature approaches the critical temperature of solubility ͑T 2c ͒. This additional term extends applicability of the smoothing equation up to approximately 5 K below T 2c :
͑18͒
Equation ͑18͒ was used also for other 1-alkanols, which where measured up to the critical point but in this case only D 1 and ␣ 1 were adjusted to the points of the given system whereas ln x 1,min , C 1 , and T 1,min were determined with the general equations ͑7͒, ͑9͒, ͑10͒, and ͑12͒ used in Eq. ͑11͒.
Solubility of Water in 1-Alkanol
Reference values for the solubility of water in an alkanol were calculated using LLE between the two coexisting liquid phases. The calculations were done by a method developed by Góral. 169 This method yields equations for chemical potentials of the components derived from equation of state with an added chemical term ͑EOSC͒, which accounts for hydrogen bonding. Application of the EoSC for water systems is described in Refs. [166] [167] [168] . The input information for the LLE correlation is the solubility of 1-alkanol in water ͑x 1 ͒, calculated with Eq. ͑11͒ or ͑18͒. The output is solubility of water in 1-alkanol ͑x 2 ͒ as a function of temperature. It is calculated from the constraints fulfilled by chemical potentials at equilibrium:
where 1 w , 1 a , 2 w , and 2 a are the chemical potentials of the first and the second components in the water rich phase and the alkanol rich phase, respectively. Equations ͑19a͒ and ͑19b͒ contain one adjustable binary parameter, ⌰, in the physical part of the EoSC. Otherwise, the chemical potentials are based on a model of association, which takes into account autoassociation of water, autoassociation of alkanols and coassociation between water and alkanols. The model of the association assumes that each active site of the donor type can interact with any active site of the acceptor type and that the equilibrium constant depends only on the type of the interacting sites. This assumption leads to a mixture of various pure and mixed associates. The equilibrium between them is described by three temperature dependent constants: K 11 -the equilibrium constant of autoassociation of alkanols, K 12 -the equilibrium constant of coassociation between alkanols and water, and K 22 -the equilibrium constant of autoassociation of water. The temperature dependence of K 22 was established in a previous article 166 using LLE data for alkane+ water systems. The same equation was used in this work.
The model of autoassociation of alkanols was established using vapor-liquid equilibrium data for alkanol+ alkane systems. 170 These data were originally correlated with EoSC using another model of association. Therefore they were recalculated with the model used in this work. All investigated FIG. 5 . Comparison between experimental solubility of three isomeric pentanols in water and approximating curves calculated with Eq. ͑11͒.
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1-alkanols were described with the same temperature dependent equilibrium constant. This does not mean that the degree of association of all these 1-alkanols is the same, because it depends also on the molar volumes of the alkanols. Temperature dependence of K 11 is expressed by the van't Hoff equation:
where
͑21͒
The excluded volumes of the alkanols in the chemical part of EoSC are shifted by some value ͑⌬b͒ in respect to the excluded volume calculated from Eq. ͑15͒. This shift is calculated with
where = −1.0 cm 3 / mol and N c is number of carbon atoms of the alkanol.
The equilibrium constant of coassociation ͑K 12 ͒ was also approximated with the van't Hoff equation:
where for normal 1-alkanols − ⌬H 12 /R ͑K͒ = ͑3000 − 3900/N c ͒,
for branched 1-alkanols − ⌬H 12 /R ͑K͒ = ͑3000 − 3900/N c * ͒,
Equations ͑24͒ and ͑25͒ contain 6 constants, which were optimized using the solubility of water in the alkanols. With these constants, the solubility of water as a function of temperature was calculated for 16 systems altogether containing 407 experimental points. After removing 57 points ͑the outliers͒ by the procedure described in the previous section, the average standard deviation of the experimental points was as follows:
Based on this estimation, the same criteria as those listed in previous section were adopted for the recommended data. For the convenience of the reader the calculated mole fraction of water in 1-alkanols ͑x 2 ͒ are smoothed with an equation analogous to Eq. ͑8a͒:
where the function f is defined with Eq. ͑8b͒. If the experimental points were reported up to the critical point then an equation analogous to Eq. ͑18͒ was used:
͑28͒
Parameters of Eq. ͑27͒ or ͑28͒ for the investigated 1-alkanols are given in Table 2 .
Conclusions
The solubility of 1-alkanols in water can be calculated with Eq. ͑1͒ up to the boiling temperature of water or even 
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higher. The solubility of water in 1-alkanols can be calculated with EoSC in conjunction with Eq. ͑11͒. Empirical constants used in the calculations were obtained from regression of all available solubility data, which assures the good accuracy of the constants determination. Once these constants are established, no experimental solubility data are necessary for the calculation of the mutual solubility. The calculated solubility was treated as reference values for selecting the recommended data. This approach allows us to have confidence in the internal consistency and good quality of the recommended data.
Description of Tables Containing the Recommended Data
Each system is presented in separate table, which includes LLE data along the three phase equilibrium line and optionally the corresponding figures.
The tables contain data, which deviate from the calculated solubility by less than 10% or 20%. If more data at the same temperature fulfills the assumed limit, then only one selected experimental point was chosen and placed in the table. The selection was done taking into account the agreement with the recommended data at other temperatures and the agreement with the calculated ͑reference͒ solubility. The tables contain experimental mole fractions of the solute and the corresponding calculated values. Symbol x 1 denotes mole fraction of 1-alkanol in water-rich phase, x 2 denotes mole fraction of water in the 1-alkanol-rich phase. Values denoted by x 1,calc were calculated with Eq. ͑11͒ or ͑18͒. The data necessary for using these equations are given in Table 1. Values of x 2,calc were calculated with Eq. ͑27͒ or ͑28͒. Coefficients of these equations are given in Table 2 . These coefficients were found in the following way: ͑1͒ LLE calculations were performed with EOSC using solubility of 1-alkanols predicted with Eq. ͑11͒ or ͑18͒ and ͑2͒ the calculated solubility of water was approximated with Eq. ͑27͒ or ͑28͒. See Tables 3-21 . 
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Reference liquid-liquid equilibrium data
Water rich phase Alcohol rich phase 
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Editor's Note-For past articles in this series, each binary system was presented with references for a particular system given with the corresponding tabular data (with each set of references beginning with the number one). However, starting with this article (Part 4), all references have been collected together at the end of the article as well. Thus, the references are numbered sequentially in the reference section, but appear as well with each binary system, with the same numbering. 
